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ABSTRACT 

The  physical  properties  and  polymer  electrolyte  fuel  cell  (PEFC)  performance  of  the  graft-crosslinked 
copolymers  based  on  hydrophobic  poly(arylene  ether  ketone)  main  chains  graft-crosslinked  with  hy¬ 
drophilic  sulfonated  poly( arylene  ether  sulfone)  segments  were  investigated  in  comparison  with  those  of 
the  sulfonated  poly(arylene  ether  sulfone)  multi-block  copolymer  (bSPAES)  and  Nation  112.  The  graft- 
crosslinked  copolymers  with  ion  exchange  capacity  (IEC)  of  1.90  and  1.58  meq  g-1  (GC(l/3)  and  GC(1/ 
5),  respectively)  showed  the  much  lower  water  uptakes  and  smaller  in-plane  dimensional  changes  than 
bSPAES  with  IEC  of  2.04  meq  g_1,  resulting  in  the  higher  membrane  stability.  GC(l/3)  showed  the  highest 
PEFC  performances  at  conditions  of  90  °C,  0.2-0.1  MPa  and  82-30%  RH  among  these  membranes.  GC(1  / 
5)  also  showed  the  higher  or  similar  PEFC  performances  when  compared  to  bSPAES  and  Nation  112.  GC(1  / 
5)  showed  much  better  PEFC  durability  than  bSPAES.  The  graft-crosslinked  copolymers  have  high  po¬ 
tential  as  polymer  electrolyte  membranes  for  fuel  cell  applications. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  fuel  cells  (PEFCs)  have  been  drawing  great 
attention  as  energy  sources  for  transportation,  stationary  and 
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portable  devices  because  of  the  environmentally  friendly  nature 
and  the  high  fuel  efficiency.  Polymer  electrolyte  membrane  (PEM) 
in  a  PEFC  system  plays  a  key  role  to  transport  protons  from  anode  to 
cathode  and  to  separate  the  fuel  and  oxidant.  Sulfonated  aromatic 
polymers  have  been  extensively  studied  as  alternative  materials  to 
the  state-of-the-art  perfluorosulfonic  acid  polymers  [1-41].  How¬ 
ever,  most  of  these  aromatic  polymers  showed  low  proton  con¬ 
ductivity  at  low  relative  humidities.  High  performance  PEMs  are 
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required  to  have  high  through-plane  proton  conductivity  under  the 
conditions  of  low  relative  humidity  (<50  %RH)  and  high  tempera¬ 
ture  (>80  °C).  One  of  the  effective  strategies  to  overcome  this 
drawback  is  to  develop  PEMs  based  on  hydrophilic-hydrophobic 
multi-block  [9,13-28  and  graft  (or  comb-shaped)  [29-33]  co¬ 
polymers  having  microphase-separated  morphology  suitable  for 
PEFC  applications. 

Chen  et  al.  developed  the  graft-crosslinked  copolymer  mem¬ 
branes  based  on  hydrophobic  poly(arylene  ether  ketone)  main 
chains  graft-crosslinked  with  hydrophilic  sulfonated  poly(arylene 
ether  sulfone)  segments,  of  which  the  chemical  structure  is  shown 
in  Fig.  1  [33  .  The  graft-crosslinked  copolymer  membranes  exhibi¬ 
ted  the  clear  nano-scale  phase-separated  morphology  and  rela¬ 
tively  high  proton  conductivity  under  30—90%  relative  humidity 
(RH).  In  this  study,  the  PEFC  performances  of  the  graft-crosslinked 
copolymer  membranes  have  been  investigated  compared  to  those 
of  the  sulfonated  poly(arylene  ether  sulfone)  multi-block  copol¬ 
ymer  (bSPAES)  and  Nafion  112  membranes. 

2.  Experimental 

2.1.  Preparation  of  graft-crosslinked  copolymer  membranes 

As  illustrated  in  Fig.  1,  the  graft-crosslinked  copolymer  PAEK(x/ 
y)-gc-SPAES(/)  was  prepared  from  poly[(4-fluorobenzoyl)phenyl- 
ene-co-(arylene  ether  ketone)]  (PAEK(x/y))  and  sulfonated  poly(- 
arylene  ether  sulfone)  (SPAES(/),  where  x/y  and  l  refer  to  the  molar 
ratio  and  the  block  length,  respectively,  according  to  the  reported 
method  [33].  The  membranes  were  prepared  by  casting  the  5  wt% 
DMSO  solution  onto  glass  plates  and  dried  at  80  °C  for  2  h  and  then 
at  120  °C  for  15  h,  followed  by  residue  extraction  in  acetone,  proton 
exchange  and  curing. 

2.2.  Preparation  of  sulfonated  poly(arylene  ether  sulfone)  multi¬ 
block  copolymer 

The  multi-block  copolymer  bSPAES,  of  which  the  hydrophilic 
and  hydrophobic  block  length  of  10,  was  prepared  from  the 
phenorate-end-capped  hydrophilic  oligomer  and  the  fluorine-end- 
capped  hydrophobic  oligomer  according  to  the  reported  method 
[23],  as  illustrated  in  Fig.  2.  The  membranes  were  prepared  by  the 
casting  method  as  mentioned  above. 

The  corresponding  sulfonated  poly(arylene  ether  sulfone) 
random  copolymer  (rSPAES)  was  also  prepared  from  3,3'-disulfo- 
4,4'-difluorodiphenyl  sulfone,  4,4'-difluorodiphenyl  sulfone  and 
biphenol  with  a  molar  feed  ratio  of  6:4:10. 


2.3.  Membrane  characterization 

Mechanical  tensile  tests  were  performed  on  a  universal  testing 
machine  (Orientic,  TENSILON  TRC-1150A)  at  25  °C  and  around  50% 
RH.  Ion  exchange  capacity  (IEC)  was  determined  by  a  titration 
method.  A  sample  membrane  in  proton  form  was  soaked  in  a  15  wt 
%  NaCl  solution  at  40  °C  for  72  h  to  exchange  the  H+  ion  with  Na+ 
ion.  Released  protons  were  titrated  by  a  0.02  N  NaOH  solution  using 
phenolphthalein  as  an  indicator. 

Water  uptake  (WU)  was  measured  by  soaking  a  sample  sheet  in 
water  at  30  °C  for  24  h.  Then  the  membrane  was  taken  out,  wiped 
with  tissue  paper  very  quickly,  and  weighed  on  a  microbalance. 
Water  uptake  was  calculated  from  eq.  (1): 

WU  =  (Ws  -  Wd)/wd  X  100%  (1) 

where  Wd  and  Ws  are  the  weights  of  dry  and  corresponding  water- 
swollen  membranes,  respectively. 

Dimensional  changes  in  membrane  thickness  (At)  and  plane 
direction  (A/)  were  measured  by  soaking  more  than  two  sample 
sheets  in  water  at  30  °C  for  12  h.  The  measurement  was  performed 
using  a  dial  gauge  and  a  digital  microscope  (Keyence  VH-5500)  for 
thickness  and  length,  respectively,  in  dry  and  wet  states.  The 
through-plane  and  in-plane  dimensional  changes  and  the  aniso¬ 
tropic  membrane  swelling  ratio  (At/i)  were  calculated  from  eq.  (2): 

At  =  (t-td)/td 
A  l=(l-ld)/ld 

A  t/i  =  At/A/  (2) 

where  td  and  ld  are  the  thickness  and  length  of  dry  membrane, 
respectively;  t  and  l  refer  to  those  of  the  membrane  swollen  in 
water. 

In-plane  and  through-plane  proton  conductivity  (07/ and  a±, 
respectively)  was  determined  using  an  electrochemical  impedance 
spectroscopy  technique  over  the  frequency  from  10  Hz  to  100  KHz 
(Hioki  3532-80).  The  resistance  R  associated  with  the  membrane 
conductance  was  determined  from  a  high-frequency  intercept  of 
the  impedance  with  the  real  axis.  For  07/,  a  single  cell  with  two 
platinum  plate  electrodes  was  mounted  on  a  Teflon  plate  at  0.5  cm 
distance.  The  cell  was  placed  under  either  in  a  thermo-controlled 
humidistat  chamber  or  in  liquid  water.  For  a±,  a  membrane  sam¬ 
ple  was  set  between  two  platinum  plate  electrodes  of  1  cm2  area, 
and  mounted  on  two  Teflon  blocks  25].  The  cell  was  placed  in 
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Fig.  2.  Synthesis  of  sulfonated  poly(arylene  ether  sulfone)  multi-block  copolymer  frSPAES. 


Table  1 

Physical  properties  of  the  graft-crosslinked  copolymer,  sulfonated  poly(arylene  ether  sulfone)  block  and  random  copolymer  and  Nafion  112  membranes. 


Code 

IECa 

WUb 

Ab 

Size  change13 

At// 

_  d 

At 

M 

50 

(mS  cm-1 

70 

) 

Water 

Water 

(meq  g"1) 

(%) 

(%) 

GC(l/3) 

1.90 

66 

19 

20 

11 

1.8 

19 

52 

231 

184 

0.80 

GC(l/5) 

1.58 

44 

16 

15 

8 

2.0 

12 

39 

186 

140 

0.75 

bSPAES 

2.04 

91 

25 

34 

14 

2.4 

17 

61 

230 

210 

0.91 

rSPAES 

2.35 

123 

29 

34 

27 

1.3 

11 

43 

261 

245 

0.94 

Nafion  112 

0.89 

39 

24 

16 

14 

1.1 

26 

59 

140 

138 

0.98 

a  By  titration  method. 
b  At  30  °C. 

c  under  50%  RH  and  70  %RH  and  in  water  at  60  °C. 
d  In  water  at  60  °C. 


liquid  water.  Proton  conductivity  (07/and  a±)  was  calculated  from 
eq.  (3): 

<7||  =  d/(tswsR) 

cr±  =  ts/(AR)  (3) 

where  d  is  the  distance  between  the  two  electrodes,  ts  and  ws  are 
the  thickness  and  width  of  the  membrane  at  a  standard  condition 
of  70%  RH,  respectively,  A  is  the  electrode  area,  and  R  is  the  resis¬ 
tance.  The  thickness  of  a  water-swollen  membrane  was  used  in  the 
calculation  of  both  oy/and  a±  in  the  fully  hydrated  state.  The 
through-plane  conductivity  measurement  was  performed  only  on 
the  cell  placed  in  water,  because  the  contact  resistance  between 
electrodes  and  membrane  could  be  neglected  only  in  the  fully  hy¬ 
drated  state.  The  similar  a ±  values  were  obtained  for  the  samples  of 
single  layer  and  double  layers  of  membrane. 

2.4.  Fuel  cell  performance  measurement 

Catalyst  electrodes  were  purchased  from  Johnson  and  Matthey 
Pic.,  #45372,  of  which  the  composition  is  as  follows;  non-woven 
carbon  fibers:  75%;  carbon  black:  5%;  polytetrafluoroethylene: 
10%;  catalyst  (finely  divided  platinum  metal  on  carbon):  5% 
and  polyfluorosulfonic  acid  ionomers:  5%.  The  Pt  loading  was 
estimated  to  be  0.53  mg  cm-2  from  the  thickness  (0.022  mm)  and 
weight  of  electrode.  A  MEA  was  fabricated  from  a  membrane 
(5.0  cm  x  5.0  cm)  sample  and  the  catalyst  electrodes  by  hot- 
pressing  an  electrode/membrane/electrode  sandwich  at  130  °C 
for  5  min  under  60  kg  cm”2.  Prior  to  the  hot-pressing,  both  surfaces 
(2.25  cm  x  2.25  cm  in  area)  of  the  membrane  were  coated  with 
0.05  cm3  of  1.25  wt%  Nafion/isopropanol  solution  to  improve  the 
adhesion  between  the  membrane  and  the  electrodes.  The  Nafion 
coated  layers  (0.5  pm  in  thickness)  were  reasonably  considered  not 


to  affect  the  proton  conduction  and  gas  diffusion  of  PEM.  The  MEA 
was  set  in  a  single-cell  test  fixture  (NF  Inc.,  active  area:  5  cm2)  and 
mounted  in  an  in-house  fuel  cell  station  (NF  Inc.,  model  As-510), 
which  was  supplied  with  temperature-controlled  humidified 
gases  (H2  and  air).  The  PEFC  performance  was  evaluated  at  a  cell 
temperature  of  90  °C,  gas  pressure  of  0.2-0.1  MPa  and  gas  hu¬ 
midifier  temperatures  of  85—61  °C.  The  gas  flow  was  controlled  to 
keep  constant  utilization  of  H2  at  60, 70  or  80%  and  of  air  at  15, 30  or 
50%  depending  on  the  humidification  condition,  although  the 
lowest  gas  flow  rate  was  limited  at  20  Ncm3  min-1.  The  cell  resis¬ 
tance  (Rc)  was  determined  by  the  AC  impedance  cole-cole  plots. 
The  through-plane  proton  conductivity  under  PEFC  operation 


Fig.  3.  Relative  humidity  dependence  of  in-plane  conductivity  for  GC(l/3),  GC(l/5), 
hSPAES  and  Nafion  112. 
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Fig.  4.  Effect  of  feed  gas  pressure  and  humidification  on  PEFC  performances  for  GC(l/3)  at  90  °C. 


{<j _l,fc)  was  evaluated  by  assuming  that  the  membrane  resistance  is 
approximately  equal  to  the  cell  resistance. 


3.  Results  and  discussion 

3.1.  Physical  properties 

In  this  study,  two  types  of  the  graft-crosslinked  copolymer  were 
used,  that  is,  PAEK(l/3)-gc-SPAES(10)  and  PAEK(l/5)-gc-SPAES(10), 
which  were  abbreviated  to  GC(l/3)  and  GC(l/5),  respectively.  They 
were  soluble  in  DMSO  just  after  the  graft-crosslinking  reaction,  but 
the  membranes  heat-treated  at  120  °C  for  15  h  were  insoluble.  The 
sulfonated  poly(arylene  ether  sulfone)  multi-block  copolymer 
bSPAES  used  for  comparison  had  the  same  hydrophilic  segment 
(block  length:  10)  as  the  hydrophilic  graft  segment  for  GC(l/3)  and 
GC(l/5). 

GC(l/3)  and  GC(l/5)  exhibited  similar  and  fairly  high  mechan¬ 
ical  strength,  that  is,  a  Young’s  modulus  of  1.0  GPa,  a  tensile  stress  at 
break  of  34  MPa  and  an  elongation  at  break  of  27%.  bSPAES 


exhibited  a  slightly  lower  Young’s  modulus  of  0.80  GPa,  a  similar 
tensile  stress  at  break  and  a  higher  elongation  at  break  of  60%. 

The  physical  properties  of  these  membranes  are  listed  in  Table  1 
together  with  the  sulfonated  poly(arylene  ether  sulfone)  random 
copolymer  (rSPAES)  and  Nation  112  cited  for  comparison.  The  water 
uptake  was  in  the  order  of  rSPAES  >  bSPAES  >  GC(l/3)  >  GC(1  / 
5)  >  Nation  112.  As  the  water  uptake  significantly  depends  on  the 
IEC,  the  number  of  water  molecules  sorbed  per  sulfonic  acid  group 
(A)  was  calculated  using  the  IEC  value  determined  by  the  titration 
method.  The  A  values  for  GC(l/3)  and  GC(l/5)  (19  and  16,  respec¬ 
tively)  were  much  smaller  than  those  for  bSPAES,  rSPAES  and 
Nation  112  (24-29). 

GC(l/3)  and  GC(l/5)  showed  the  slightly  anisotropic  membrane 
swelling  in  water,  that  is,  the  through-plane  dimensional  change 
(At)  was  about  two  times  larger  than  the  in-plane  one  (A/). 
Although  having  the  similar  anisotropic  swelling  ratio  of  2.4, 
bSPAES  showed  the  much  larger  dimensional  changes  than  GC(l/3) 
and  GC(l/5).  On  the  other  hand,  rSPAES  and  Nation  112  showed  the 
isotropic  membrane  swelling.  As  a  result,  the  in-plane  dimensional 
changes  for  GC(l/3)  and  GC(l/5)  (11  and  8%,  respectively)  were 
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Table  2 

PEFC  performance  data  of  GC(l/3),  GC(l/5),  fcSPAES  and  Nafion  112  at  90  °C. 


Conditions3 

Code 

OCV 

(V) 

V0.5 

(V) 

wmax 

(W  cm-2) 

a  ±pcb 
(mS  cm-1) 

0.2/82c 

GC(l/3) 

1.00 

0.75 

0.93 

95 

GC(l/5) 

1.00 

0.75 

0.94 

98 

bSPAES 

1.02 

0.74 

>0.98 

83 

Nafion  112 

0.95 

0.71 

>0.90 

93 

0.15/82c 

GC(l/3) 

0.96 

0.73 

>0.94 

92 

GC(l/5) 

0.99 

0.71 

0.83 

83 

fiSPAES 

1.00 

0.71 

>0.91 

79 

Nafion  112 

0.95 

0.70 

0.84 

82 

0.1/82c 

GC(l/3) 

0.96 

0.69 

0.69 

73 

bSPAES 

1.01 

0.68 

0.62 

65 

Nafion  112 

0.95 

0.66 

0.63 

66 

0.2/50 

GC(l/3) 

0.96 

0.75 

0.83 

88 

GC(l/5) 

1.01 

0.71 

0.78 

78 

bSPAES 

1.00 

0.71 

0.72 

74 

Nafion  112 

0.96 

0.70 

0.73 

76 

0.15/50 

GC(l/3) 

0.96 

0.70 

0.66 

66 

GC(l/5) 

1.01 

0.67 

0.64 

59 

bSPAES 

1.00 

0.65 

0.57 

62 

Nafion  112 

0.95 

0.66 

0.54 

61 

0.2/30 

GC(l/3) 

0.95 

0.73 

0.71 

65 

GC(l/5) 

1.02 

0.68 

0.63 

62 

bSPAES 

1.01 

0.68 

0.62 

65 

Nafion  112 

0.96 

0.70 

0.61 

64 

0.15/30 

GC(l/3) 

0.95 

0.64 

0.45 

40 

GC(l/5) 

1.02 

0.58 

0.34 

(26) 

fiSPAES 

1.00 

0.57 

0.38 

39 

Nafion  112 

0.95 

0.61 

0.38 

45 

0.1/30 

GC(l/3) 

0.94 

0.46 

0.23 

(15) 

a  PEFC  operation  conditions:  x/y  refer  to  gas  pressure  (MPa)  and  relative  humidity 
(%  RH). 

b  At  1  A  cm-2;  the  data  in  parentheses  were  measured  at  0.5  A  cm-2. 
c  82/68%  RH. 


much  smaller  than  those  of  bSPAES,  rSPAES  and  Nafion  112  (14,  27 
and  14%,  respectively).  It  is  noted  that  the  small  in-plane  dimen¬ 
sional  changes  for  GC(l/3)  and  GC(l/5)  lead  to  the  high  dimen¬ 
sional  stability  of  their  MEAs. 

The  in-plane  proton  conductivity  (ay/)  at  60  °C  as  a  function  of 
relative  humidity  is  summarized  in  Table  1  and  Fig.  3.  With 
decreasing  the  relative  humidity,  the  a//decreased  largely.  GC(l/3), 
GC(l/5)  and  bSPAES  showed  the  similar  humidity  dependence, 
which  was  larger  than  that  for  Nafion  112.  Compared  to  GC(l/3)  and 
bSPAES,  GC(l/5)  had  the  smaller  a//values  in  whole  humidity  range 
because  of  the  smaller  IEC  of  1.58  meq  g-1.  The  conductivity  of 
GC(l/3)  with  the  IEC  of  1.90  meq  g-1  was  comparable  to  that  of 
bSPAES  with  the  slightly  larger  IEC  of  2.04  meq  g-1  in  whole  hu¬ 
midity.  rSPAES  showed  the  much  lower  conductivity  than  GC(l/3) 
and  bSPAES  in  the  low  relative  humidity  range  in  spite  of  higher  IEC 
of  2.35  meq  g-1.  This  is  because  GC(l/3),  GC(l/5)  and  bSPAES  have 
the  micro-phase  separated  morphology,  whereas  rSPAES  has  the 
homogeneous  morphology  [13-21,33]. 

The  through-plane  and  in-plane  proton  conductivity  (a±  and  a//, 
respectively)  and  the  anisotropic  proton  conductivity  ratio  (a±/a//) 
in  water  at  60  °C  are  summarized  in  Table  1  rSPAES  and  Nafion  112 
showed  the  isotropic  proton  conductivity  (a±/a//  =  0.94-0.98). 
bSPAES  also  showed  the  almost  isotropic  conductivity  (a±/ 
a//  =  0.91 )  in  spite  of  the  slightly  anisotropic  membrane  swelling 
behaviour  (At/i  =  2.4).  On  the  other  hand,  GC(l/3)  and  GC(l/5) 
showed  the  slightly  anisotropic  proton  conductivity  (a±/ 
a//  =  0.80-0.75). 

3.2.  Fuel  cell  performance 

Fig.  4(a)-(c)  shows  the  effects  of  feed  gas  pressure  and  hu¬ 
midification  on  PEFC  performance  for  GC(l/3)  (49  pm  in  thickness) 


at  a  cell  temperature  of  90  °C.  Anode/cathode  gas  humidification 
temperatures  were  set  at  85/80,  72.8/72.8  and  61.3/61.3  °C,  which 
correspond  to  82/68%,  50%  and  30%  RH,  respectively.  Table  2  lists 
the  PEFC  performance  data  of  open  circuit  voltage  (OCV),  cell 
voltage  at  a  current  density  of  0.5  A  cm'2  (V0.5),  maximum  output 
(Wmax)  and  through-plane  proton  conductivity  (a±tFC)  under  PEFC 
operation.  In  general,  the  a±iFc  value  is  larger  than  the  a//value 
especially  for  the  lower  humidification  due  to  the  additional  hu¬ 
midification  caused  by  the  back-diffusion  of  water  formed  at  the 
cathode  [37-39  .  The  back-diffusion  of  water  is  less  effective  for  the 
membrane  with  a  lower  IEC  and  at  a  lower  feed  gas  pressure. 

At  the  relatively  high  humidification  of  82/68%  RH,  the  PEFC 
performance  hardly  decreased  with  a  decrease  in  gas  pressure  from 
0.2  MPa  to  0.15  MPa,  but  fairly  decreased  with  a  decrease  to  0.1  MPa 
(ambient  pressure),  that  is,  V0.5  decreased  from  0.75  V  to  0.69  V  and 
Wmax  decreased  from  0.93  W  cm-2  to  0.69  W  cm-2.  At  0.2  MPa,  the 
PEFC  performance  slightly  decreased  with  a  decrease  in  gas  hu¬ 
midification  from  82/68%  RH  to  50%  RH,  but  fairly  decreased  with  a 
decrease  to  30%  RH.  However,  the  PEFC  performance  at  30%  RH  was 
still  kept  in  a  reasonably  high  level  (V0.5:  0.73  V  and  Wmax: 
0.71  W  cm-2).  A  decrease  in  gas  pressure  at  the  lower  gas  humid¬ 
ification  caused  a  larger  reduction  in  the  cell  performance.  At  30% 
RH,  the  cell  performance  at  0.15  MPa  (0.64  V  and  0.45  W  cm-2)  was 
much  lower  when  compared  to  0.2  MPa.  In  these  cases,  the  a±IFC 
values  reflected  the  PEFC  performances.  The  high  PEFC  perfor¬ 
mances  were  observed  at  the  conditions  of  0.2-0.15  MPa/82%RH 
and  0.2  MPa/50%  RH,  where  the  a±iFc  values  were  95-88  mS  cm-1. 
The  middle  PEFC  performances  were  observed  at  0.1  MPa/82%RH, 
0.15  MPa/50%  RH  and  0.2  MPa/30%RH,  where  the  a±tFC  values  were 
73-65  mS  cm-1.  The  low  PEFC  performances  were  observed  at 
0.15-0.1  MPa/30%RH,  where  the  a±tFc  values  were  40-15  mS  cm-1. 

For  comparison,  the  PEFC  performance  data  of  GC(l/5)  (57  pm), 
bSPAES  (35  pm)  and  Nafion  112  (55  pm)  are  also  listed  in  Table  2. 
Fig.  5  shows  comparison  of  PEFC  performances  at  90  °C,  0.15  MPa 
and  different  humidification  of  82/68%  RH,  50%  RH  and  30%  RH.  In 
general,  the  thinner  membrane  tends  to  give  the  higher  PEFC  per¬ 
formance  because  of  the  lower  membrane  resistance  and  more 
effective  back-diffusion  of  water,  unless  the  hydrogen  crossover 
becomes  too  large.  At  82/68%  RH  and  0.2-0.15  MPa,  every  mem¬ 
brane  showed  the  high  PEFC  performance.  For  example,  at  82/68% 
RH  and  0.15  MPa,  GC(l/3)  showed  the  high  performance  of  V0.5- 
0.73  V  and  Wmax:  >0.94  W  cm-2,  which  was  similar  to  that  of 
bSPAES,  and  slightly  higher  than  those  of  GC(l/5)  and  Nafion  112.  At 
the  other  conditions,  GC(l/3)  showed  the  highest  PEFC  perfor¬ 
mances  among  these  membranes.  For  example,  at  50%  RH  and 
0.15  MPa,  GC(l/3)  showed  the  reasonably  high  PEFC  performance 
(0.70  V  and  0.66  W  cm-2),  which  was  fairly  higher  than  that  of 
faSPAES  (0.65  V  and  0.57  W  cm-2).  GC(l/5)  also  showed  the  higher 
or  similar  PEFC  performances  except  for  30%  RH  and  0.15  MPa  when 
compared  to  bSPAES  and  Nafion  112.  These  results  indicate  that 
GC(l/3)  and  GC(l/5)  have  much  higher  potential  as  PEM  under  the 
lower  humidification  than  bSPAES,  taking  their  larger  membrane 
thicknesses  and  lower  IECs  into  account.  This  may  be  due  to  dif¬ 
ference  in  the  membrane  morphology.  The  micro-phase  separated 
structure  may  be  better-developed  for  GC(l/3)  and  GC(l/5)  mem¬ 
branes  than  for  bSPAES  membrane  because  the  hydrophobicity  of 
the  hydrophobic  segment  is  higher  for  PAEK (x/y)  than  for  oli- 
go(arylene  ether  sulfone). 

Hydrogen  permeability  coefficient  (PH2)  was  calculated 
from  hydrogen  crossover  current  at  90  °C,  88%  RH  and  0.2  MPa. 
The  PH2  values  were  20,  24,  90  and  113  Barrer  (1 

Barrer  =  1  x  10  10  cm3(STP)  cm  cm-2  s-1  cm  Hg-1)  for  GC(l/3), 
GC(l/5),  bSPAES  and  Nafion  112,  respectively.  The  Ph2  values  for 
GC(l/3)  and  (1/5)  were  much  smaller  than  those  for  bSPAES  and 
Nafion  112. 
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Fig.  5.  PEFC  performances  of  GC(l/3),  GC(l/5),  ibSPAES  and  Nafion  112  at  90  °C,  0.15  MPa  and  (a)  82/68%  RH,  (b)  50%  RH  and  (c)  30%  RH. 


For  the  durability  test,  PEFC  cells  with  bSPAES  and  GC(l/5)  were 
operated  at  90  °C,  0.2  MPa  and  50%  RFI  under  a  constant  load 
current  density  of  0.2  or  0.5  A  cm-2  with  monitoring  the  cell 
voltage  and  cell  resistance.  The  results  are  shown  in  Figs.  6  and  7.  In 


the  case  of  bSPAES,  as  shown  in  Fig.  6,  the  cell  voltage  and  OCV  were 
held  with  the  small  decreases  for  390  h.  Flowever,  after  390  h,  the 
cell  voltage  and  OCV  suddenly  dropped  and  the  operation  was 
stopped,  indicating  some  fatal  damage  of  membrane.  The  PEFC 


Fig.  7.  Durability  test  of  PEFC  with  GC(l/5)  at  90  °C,  0.15  MPa,  50%  RH  and  0.5  A  cm"2. 
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Fig.  8.  PEFC  performances  of  GC(l/5)  at  90  °C,  0.15  MPa  and  50%  RH  before  and  after 
the  durability  test. 

durability  of  bSPAES  was  rather  poor.  In  the  case  of  GC(l/5),  as 
shown  in  Fig.  7,  the  cell  voltage  and  OCV  were  held  with  only  the 
small  decreases  (0.03-0.04  V)  for  1000  h.  The  polarization  and 
power  output  curves  were  measured  at  90  °C,  0.15  MPa  and  50%  RH 
after  640  h  and  1000  h  and  compared  to  those  before  the  durability 
test.  The  results  are  shown  in  Fig.  8.  The  relatively  small  reduction 
in  the  PEFC  performance  occurred  by  640  h,  but  no  further  reduc¬ 
tion  was  observed  after  1000  h.  It  is  noted  that  PAEK-gc-SPAES 
membranes  had  much  higher  PEFC  durability  than  bSPAES  mem¬ 
branes.  Both  types  of  membranes  had  the  same  hydrophilic 
segment  (SPAES  with  a  block  length  of  10)  but  showed  the  different 
water  sorption  behaviour.  The  former  membranes  showed  the 
lower  water  uptake  and  the  smaller  in-plane  dimensional  change, 
which  might  reduce  the  radical  attack  in  the  hydrophilic  domains 
and  the  stress  between  the  membrane  and  the  electrodes. 


4.  Conclusions 


The  graft-crosslinked  copolymers  with  IECs  of  1.90  and 
1.58  meq  g-1  (GC(l/3)  and  GC(l/5),  respectively)  showed  the  much 
lower  water  uptakes  and  smaller  in-plane  dimensional  changes 
than  bSPAES  with  an  IEC  of  2.04  meq  g-1.  GC(l/3)  showed  the 
highest  PEFC  performances  at  conditions  of  90  °C,  0.2-0.1  MPa  and 
82-30%  RH  among  these  membranes.  GC(l/5)  also  showed  the 
higher  or  similar  PEFC  performances  when  compared  to  bSPAES 
and  Nation  112.  GC(l/5)  showed  much  better  PEFC  durability  than 
bSPAES.  The  graft-crosslinked  copolymers  have  high  potential  as 
polymer  electrolyte  membranes  for  fuel  cell  applications. 
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